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Abstracts

Background: Green synthesis methods utilizing plant extracts offer a sustainable approach to producing silver
and iron nanoparticles with diverse applications. This study aimed to synthesize silver (PESNPs) and magnetic
(PEMNPs) nanoparticles using Carica papaya seed extracts and comprehensively characterize them to
elucidate their properties and potential applications.

Materials and Methods: Silver and magnetic nanoparticles biosynthesized using Carica papaya seed extracts
as a bio-reducing agent were characterized using UV-Vis spectroscopy, FTIR, XRD, SEM, TEM, EDX, and
TGA. UV-Vis spectroscopy and the antibacterial, dye decolouration and bioflocculating potential were
evaluated.

Results: Characteristic absorption peaks at 500 nm was observed for PESNPs and 400 nm for PEMNPs,
indicative of their synthesis and Plasmon resonance. Hydroxyl, nitriles, carbonyl, aromatic, ether, and amine
were the major functional groups present in PESNPs and PEMNPs which were responsible for the bio-
reduction and bio-oxidation process. XRD patterns confirmed crystalline structures with 4 peaks and 8 peaks
PESNPs and PEMNPs respectively while PESNPs was spherical with a more rhombus-like shape and PEMNPs
was circular but with uneven edges. EDX analysis confirmed the presence of silver and iron as the predominant
metals which confirm the purity and highlight successful nanoparticle synthesis. TGA analysis demonstrated
thermal stability up to 600°C for PESNPs and 300°C for PEMNPs. Antibacterial assays revealed the potent
activity of PESNPs having higher antibacterial efficiency against the test isolates compared to PEMNPs.
Salmonella typhimurium had the highest susceptibility (12.0 mm and 3.0 mm) to PESNPs and PEMNPs.
PESNPs, higher than PEMNPs, exhibited 63.71 and 67.45 % efficient reduction of Congo red and methylene
blue suggesting potential for wastewater treatment applications. Moreover, PESNPs had the highest bio-
flocculating potential of 87.80 % compared to PEMNPs with the bio-flocculating potential of 87.40 % at 24 hrs.
Conclusion: The biosynthesized Carica papaya seed silver and magnetic nanoparticles had antibacterial, dye
decolourization, and bio-flocculating efficacy.
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I.  Introduction

The revolution in nanotechnology has led to a significant historical turning point. Nanotechnology
encompasses the development, manipulation, and visualization of nanostructures with sizes between 1 and 100
nm (Alharbi et al., 2022). Kupusamy et al. (2016), state that nanoparticles have diverse features and significant
promise for use in several sectors such as medicine, nutrition, and energy. Thus, the manufacturing of
environmentally friendly nanoparticles is considered a fundamental aspect for the future generation to manage
different ailments (Cruz et al., 2010). Nanoscale particles have superior properties and less coordination
compared to bulk materials due to atomic interactions on their surface. Nanoparticles can be made of either
metals or nonmetals based on their basic structures. Metallic nanoparticles are mostly composed of magnetic
elements such as cobalt and nickel, as well as silver, copper, gold, and semiconducting elements. Non-metallic
nanoparticles primarily consist of carbon-based compounds. Metallic nanoparticles have been extensively
studied because of their distinctive electrical, catalytic, and optical capabilities (Bharathi et al., 2018).
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One of the most significant contributors to environmental pollution is organic dyes, commonly
discharged by industries such as textiles, pulp and paper, cosmetics, plastics, food processing, pharmaceuticals,
and others. Due to their complex chemical composition, these dyes exhibit remarkable stability, posing severe
threats to ecological systems and environments, particularly aquatic ecosystems (Raina et al., 2020). Hence,
there is a critical imperative to mitigate environmental contamination by ensuring the complete removal of dyes
before industrial effluent discharges into water bodies. The elimination of these dyes from wastewater stands as
a paramount challenge in the sector of environmental management. In recent years, the investigation into
nanoparticles (NPs) has gained considerable traction, driven by their distinctive properties (Groiss et al., 2017).
Capitalizing on this eco-friendly approach, diverse types of NPs have been synthesized (Dhar et al., 2021).
Among these, Fe;O3-NPs, a subset of iron oxide nanoparticles, have garnered significant attention owing to
their remarkable attributes, including excellent solubility in solutions, robust binding capabilities, and magnetic
properties. Magnetic NPs can be magnetized through an external magnetic field and exhibit
superparamagnetism or zero magnetization in its absence. Ranging in size from 2 to 20 nm, this characteristic
renders magnetic nanoparticles in solutions exceptionally stable. Consequently, these unique characteristics
have rendered magnetic nanoparticles indispensable across a wide array of industries, encompassing
biomedicine, healthcare, environmental remediation, energy, defense and aerospace, construction, automotive,
textiles, and electronics (Dash ef al., 2019).

Biologically synthesized nanomaterial’s derived from natural sources such as flowers, leaves, or seeds
have potential for diverse applications spanning medical diagnostics, therapeutic interventions, the development
of surgical Nano devices, and the manufacturing of commercial products (Bar et al., 2009). Within plant crude
extracts, newly discovered secondary metabolites encompass phenolic acids, flavonoids, alkaloids, and
terpenoids. These compounds play a pivotal role in the reduction of ions to yield bulk metallic nanoparticles
(Aromal and Philip, 2012). As outlined by Kupusamy et al. (2016), the ongoing redox reactions mediated by
both primary and secondary metabolites contribute to the eco-friendly production of nanoparticles.

Carica papaya, commonly known as Papaya, Paw Paw, Kates, or Papaw, belongs to the Caricaceae
family and is recognized among medicinal herbs. The bark, leaves, and fruits of C. papaya are utilized
medicinally to address a wide array of ailments including syphilis, gonorrhea, cutaneous tubercles, warts, corns,
constipation, amenorrhea, general debility, sinusitis, eczema, hypertension, dyspepsia, cancerous growth,
diabetes, malaria, as well as to stimulate reproductive organs and expel worms (Aravind et al., 2013;
Sinhalagoda et al., 2013). Recent research highlights the protective effects of C. papaya fruit extract against
acrylamide toxicity in rats, attributed to its immunostimulant and antioxidant properties (Kadry, 2012). Rich in
proteolytic enzymes, phenols, and vitamins, extracts from the fruit and leaves of C. papaya exhibit potent
antibacterial properties and serve as effective antioxidants (Banala et al., 2015).

The black seeds of Pawpaw, often overlooked due to the focus on the meaty pulp, are a rich source of
micronutrients and possess antibacterial, anti-cancer, and other beneficial properties. Recognizing their
potential, there is growing interest in exploring the possible applications of these seeds in nanotechnology and
various other fields (Saba and Pattan, 2022). This study is aimed at utilizing the methanol extract of C. papaya
seeds as a bio-reducing agent and nanocarrier for the biosynthesis of silver and magnetic nanoparticles. The
study also involved characterizing the nanoparticles and assessing their antibacterial efficacy in vitro, as well as
evaluating their capacity for dye reduction, heavy metal reduction, and bio-flocculation.
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Figures 1: Graphic Abstract of the biosynthesized PESNPs and PEMNPs
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II.  Materials And Methods
Collection of Plant Material and Cultures
The pawpaw (C. papaya) used for this study was locally purchased from the market and authenticated
at the Department of Botany, herbarium, University of Botany. Test microorganisms; Klebisella pneumonia,
Escherichia coli, Salmonella typhimurium, and Pseudomonas aeruginosa were obtained from the Department of
Microbiology, Faculty of Science at the University of Ibadan.

Sample Preparation and Extraction for Plant Samples

C. papaya seeds were subjected to air drying until complete removal of moisture, followed by finely
grinding the dried seeds into a powder. This powder was subsequently immersed in 70% methanol and allowed
to macerate at room temperature for 3 days to enhance the extraction of diverse active compounds present
within the seeds. Following maceration, the mixture underwent centrifugation at 2500 rpm for 5 minutes,
facilitating the separation of the supernatant. The supernatant was further purified by filtration to eliminate any
solid residues. Finally, the solvent was evaporated from the extract using a rotary evaporator to yield the desired
extract.

Production of silver and magnetic nanoparticles

To synthesize silver nanoparticles (SNPs), a green-approach method was employed (Adebayo-Tayo et
al., 2022). The metal precursor utilized for the synthesis of SNPs was silver nitrate (AgNO3). 5 g of the plant
extract was dissolved in 100 mL of de-ionized water to create a stock solution. Subsequently, 5 mL of this stock
solution was added to 20 mL of a 1M solution of AgNOs3. The resultant mixture was then exposed to sunlight,
facilitating the bio-reduction of AgNO; by the plant extracts into Ag® ions. The formation of nanoparticles was
confirmed through visual observation, primarily noting color changes, followed by comprehensive
characterization.

Similarly, for the synthesis of iron nanoparticles (FeNPs), a green-approach method was adopted. The
metal precursor employed for FeNPs synthesis was iron oxide (Fe;Os3). 5 grams of the plant extract were
dissolved in 100 mL of de-ionized water to obtain a stock solution. Subsequently, 5 mL of this stock solution
was added to 20 mL of a 1M solution of iron oxide (Fe»Os3). The mixture was then exposed to sunlight for 12
hours to facilitate sun-induced nanoparticle production. Similar to the silver nanoparticles, confirmation of
nanoparticle formation was achieved through physical observation, particularly color changes, followed by
detailed characterization.

Characterization of Biosynthesized Nanoparticles
UV-Visible Spectroscopy of the Biosynthesized Nanoparticles

Silver and magnetic nanoparticles were characterized using a UV-Vis spectrophotometer with a
scanning range of the samples was 200—800 nm at a scan speed of 480 nm/min (Mulvaney, 1996). The data in
the spectrophotometer were recorded.

Fourier Transform Infrared Spectroscopy (FT-IR) of the Biosynthesized Nanoparticles

The sample was centrifuged at 14,000 rpm to separate the supernatant, which was discarded and
replaced with deionized water to re-suspend the nanoparticles (Suryawanshi and Vidyasagar, 2019). This
washing step was repeated three times to ensure purity by removing unbound compounds. The purified
nanoparticle precipitate was dried and ground with potassium bromide to form pellets. These pellets were
analyzed using a Nicolet IR 200 spectrometer (Thermo Electron Corp, Madison, WI, USA) to determine the
properties of the synthesized nanoparticles.

X-ray diffraction (XRD) of the Biosynthesized Nanoparticles

The powdered nanoparticle samples were pelletized, sieved to 0.074 mm, and placed on an aluminum
alloy grid for gentle hand compaction (Abdallah, and Hassan, 2020). Each sample was analyzed using a Rigaku
D/Max-III C X-ray diffractometer with CuKa radiation at 40 kV and 20 mA. Scans were performed at 20°/min
over a 2° to 50° range at room temperature.

Scanning Electron Microscopy (SEM) of the Biosynthesized Nanoparticles

The process involved mounting the nanoparticle specimens onto carbon-coated stubs and subsequently
applying a gold coating using an Eiko IB3 ION coater (Abdallah et al., 2020). Following this preparation, SEM
micrographs were acquired using a JEOL JSM-7800F field emission SEM to examine the size and morphology
(shape) of the silver and magnetic bio-flocculant nanoparticles. Operating under high vacuum (HV) mode at a
voltage of 10 kV, the SEM utilized various detectors, including secondary electron and semiconductor
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backscattered electron (BSE) detectors of Quad type. Imaging was conducted at magnifications of 20, 50, and
100 pm to provide a comprehensive understanding of the nanoparticle characteristics.

Transmission Electron Microscopy (TEM) of the Biosynthesized Nanoparticles

The nanoparticles were prepared for TEM observation by dispersing them onto copper grids coated
with a holey carbon film (Abdallah et al., 2020). The average particle size of both silver and magnetic bio-
flocculant nanoparticles was determined through TEM measurements conducted in triplicate. The morphology
and size of the silver and magnetic nanoparticles were assessed using a JEM-ARM200F-G transmission
electron microscope.

Energy Dispersive X-ray (EDX) of the Biosynthesized Nanoparticles

Energy dispersive X-ray spectroscopy (EDX) analysis was conducted to validate the conversion of
silver and ferric ions within the silver and magnetic nanoparticles into elemental silver and iron, respectively
(Suryawanshi and Vidyasagar, 2019). This analysis was carried out using a Philips CM200 TEM operating at
200 kV. For sample preparation, the nanoparticles were dispersed onto copper grids coated with a holey carbon
film. A selected micrograph obtained from TEM was coupled with an Oxford SDD X-MAX EDX system to
determine the elemental compositions of the biosynthesized silver and magnetic nanoparticles.

Thermogravimetric Analysis (TGA) of the Biosynthesized Nanoparticles

Thermo-gravimetric analysis was conducted on silver and magnetic nanoparticles to evaluate thermal
stability from 100°C to 600°C at a heating rate of 10°C/min under nitrogen flow (Suryawanshi and Vidyasagar,
2019). The nanoparticles were placed on a tared crucible on the sample platform of an STA 449/C Jupiter
analyzer. Upon starting, the instrument heated and continuously weighed the sample to monitor changes. This
setup enabled precise assessment of the nanoparticles' thermal behavior.

Antimicrobial susceptibility test for the nanoparticle

Bacterial isolates were cultured on nutrient agar and standardized with the 0.5 McFarland standard
(Wu, and Ye, 2007). Antimicrobial activity of nanoparticles was tested using the agar-well diffusion method by
swabbing bacteria on agar, boring holes, and adding nanoparticles and streptomycin as control. Plates were
incubated at 37°C for 24 hours before evaluation.

Determination of bio-flocculating potential of the C. papaya extract

The flocculation rate was determined using a 4 g/L kaolin suspension following Nkosinathi et al.
(2020). In each 250 mL flask, 100 mL kaolin suspension was mixed with 2 mL culture supernatant and 3 mL of
1% CaCl,, shaken for 60 seconds, then left to settle for 5 minutes. A control without bio-flocculant was
prepared similarly. After 2 hours, turbidity of the upper layer was measured at 550 nm using a
spectrophotometer. The flocculation rate was estimated based on the reduction in turbidity compared to the
control sample

Flocculation rate = (A — B/A) x 100

Where A and B stand for the optical densities of the control and the sample at 550 nm, respectively,

the Triplicate of the experiment was performed and the mean value was determined.

Dye reduction potential of the nanoparticles

Methylene blue and Congo red dyes were prepared by dissolving 0.4g in 1000 mL distilled water
(Dharshini et al., 2021). To test removal efficiency, 2 mL of nanoparticle stock was added to 100 mL dye
solution, shaken for 30 minutes, then left to stand for 2 hours for flocculation. The supernatant was collected
afterward for analysis at each dye's maximum wavelength. The removal efficiency (RE) was calculated using
the formula:

RE (%) = (Co — C1/Co) x 100
Where C, is the initial value and C; is the value after the flocculation treatment (Nkosinathi ef al., 2020).

III.  Results
The initial observation was the change in color of the solution. It turned dark red for silver
nanoparticles and dark blue for iron nanoparticles, indicating the production of silver and magnetic
nanoparticles, respectively. The intensity of the color deepened over time in sunlight.
The biosynthesized PESNPs and PEMNPs were assessed by monitoring the reduction of metal ions
through absorbance measurements across a wavelength range from 200 nm to 800 nm using a UV-Vis
spectrophotometer. The UV-vis spectra of the biosynthesized PESNPs and PEMNPs are depicted in Figures 2.
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The PESNPs exhibited a UV-visible maximum peak at a wavelength of 500 nm, with the highest surface
Plasmon Resonance (SPR) peak absorbance recorded at 2.456. Different peak absorbance’s was observed the
biosynthesized PESNPs and PEMNPs. This peak absorbance indicates the successful conversion of Ag* ions to
silver nanoparticles. On the other hand, the PEMNPs displayed a maximum absorbance at 400 nm, with the
highest surface Plasmon Resonance (SPR) peak absorbance measured at 2.918. This observation confirms the
presence of biosynthesized magnetic nanoparticles in the reaction mixture. The UV-vis spectra provide clear
evidence of the formation of silver and magnetic nanoparticles, as indicated by the characteristic absorbance
peaks observed at their respective wavelengths.
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Figures 2: UV-Visible Spectra of a) PESNPs and b) PEMNPs

The FTIR analysis was performed to identify the potential biomolecules in PESNPs and PEMNPs
which are responsible for the bio-reduction and capping of the biosynthesized nanoparticles by characterizing
the functional groups present on the surface of the nanoparticles. Figures 3a and b show the FTIR spectrum of
the biosynthesized nanoparticles and the spectra were measured at wave number 4400 — 350 cm™'. PESNPs have
6 absorption peaks ranging from a wavelength of 3487.00 to 459.00 cm™! which indicates the presence of the
different functional groups. The peak observed in the higher energy region of intense absorption is 3487.00 cm!
which is characteristic of the stretching vibrations of O-H bonds in hydrogen-bonded hydroxyl (OH) groups,
such as in alcohols or phenols. The peak at 2350.00 cm™! suggests the presence of a highly polarized bond, such
as a triple bond (e.g., C=N or C=C) or nitriles. The peak at 1647.00 cm™' is often associated with the stretching
vibrations of carbonyl groups (C=0) in compounds such as ketones and esters. The peak at 1082.00 cm' region
is commonly related to C-O stretching vibrations, which can be indicative of functional groups like alcohols,
ethers, or esters. The peak at 798.85 cm™! region is often associated with the out-of-plane bending vibrations of
aromatic (benzene-like) C-H bonds while the peak 459.00 in this region is typically in the fingerprint region,
which contains a variety of small peaks unique to specific compounds.

PEMNPs have 17 peaks ranging from a wavelength of 3425.69 cm™ to 466.79 cm™. The peak at
3425.69 cm! is associated with the stretching vibrations of O-H bonds in hydrogen-bonded hydroxyl groups,
which are commonly found in alcohols and phenols, the peak at 2426.53 cm™ and 2067.76 cm™' are
characteristic of a triple bond, such as in a nitrile group (C=N) or isocyanate (N=C=0), the peak at 1774.57 cm™!
is typically associated with the stretching vibrations of carbonyl groups (C=0), suggesting the presence of a
ketone or ester, the peak at 1639.55 cm™! is associated with C=C stretching vibrations in aromatic compounds or
conjugated double bonds, the peak at 1508.38 cm™! is associated with aromatic ring vibrations, the peak at
1384.94 cm! is associated with CH; bending vibrations, the peak at 1234.48 cm! correspond to C-N stretching
vibrations, possibly from an amine functional group, the peak at 1134.18 cm™ and 1072.46 cm™! are related to
C-O stretching vibrations, indicating the presence of alcohols, ethers, or esters, the peak at 887.26 cm™' and
837.13 cm™! are associated with out-of-plane bending vibrations of aromatic (benzene-like) C-H bonds, the peak
at 698.25 cm™! is related to out-of-plane bending vibrations of alkane C-H bonds, the peak at 597.95 cm™ is
associated with out-of-plane bending vibrations of substituted aromatic rings, the peak at 536.23 cm! region is
associated with rocking vibrations of methylene (CH,) groups in alkanes, while the peak at 466.79 cm™ is
associated with rocking vibrations of methyl (CH3) groups in alkanes.
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Figure 3a and b: Foufier Transform Infrared Spectroscopy (FTIR) of a) PESNPs and b) PEMNPs

The X-ray diffraction (XRD) analysis of the biosynthesized nanoparticles revealed distinctive patterns
for both PESNPs and PEMNPs. For PESNPs, 4 prominent peaks were observed, with the maximum peak
occurring at a 20 value of 40°. This XRD pattern is illustrated in Figure 4a. In contrast, PEMNPs exhibited 8
peaks in their XRD pattern, with the maximum peak observed at a 20 value of 36°. Figure 4b depicts the X-ray
diffractogram (XRD) pattern for PEMNPs. These XRD patterns provide valuable insights into the crystalline
structure of the synthesized nanoparticles, with the observed peaks corresponding to specific crystal planes
within the nanoparticles.
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Figure 4a and b: X-ray Diffraction of a) PESNPs and b) PEMNPs

The micrographs of PESNPs reveal relatively spherical nanoparticles with noticeable aggregation
leading to the formation of larger clusters or nanoclusters. In contrast, the micrographs of PEMNPs depict an
agglomeration structure morphology characterized by a uniform distribution of the particles. Figures 5a and Sb
illustrate the scanning electron micrograph of the biosynthesized PESNPs and PEMNPs. These micrographs
provide visual evidence of the distinct morphological characteristics of the silver and magnetic nanoparticles
synthesized from the pawpaw seed extract.
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Figure 5a and b: Scanning Electron Microscopy (SEM) of a) PESNPs and b) PEMNPs

PESNPs range from 5-15 nm which appeared spherical in shape but with an increase in magnification,
it has more of a rhombus-like shape. PEMNPs range from 20-80 nm and they appear circular but with uneven

edges. Figure 6a and b shows the Transmission electron micrograph of the biosynthesized PESNPs and
PEMNPs.
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Figure 6a and b: Transmission Electron Microscopy (TEM) of a) PESNPs and b) PEMNPs

The elemental analysis of PESNPs and PEMNPs was revealed using Energy X-ray Spectroscopy
(EDX) which is shown in Figures 7a and b. It was observed that PESNPs showed that silver was the most
abundant element in the nanoparticle solution with 55.50% which is also a confirmation of the presence of
silver nanoparticle production in the solution. Further peaks that were seen include C, O, N, Si, Mg, and Ca.
PEMNPs, iron was observed to be the most abundant element with 63.34%. This shows the synthesis of
magnetic nanoparticles. Further peaks that were seen include C, O, Na, S, and Si.
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Figure 7a and b: EDX analysis of a) PESNPs and b) PEMNPs.
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The thermal stability of PESNPs and PEMNPs about their weight was evaluated using
Thermogravimetry (TGA). Figures 8a and b show that PESNPs were stable till 600°C with an 11.55% residue
but with a lot of weight loss and PEMNPs were stable till 300°C, which shows that magnetic nanoparticles are
less thermal stable than silver nanoparticles.
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Figure 8a and b: TGA analysis of a) PESNPs and b) PEMNPs
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The antibacterial activity of silver nanoparticles against test strains was determined as shown in Table
1. All the test isolates were susceptible to Alum and PESNPs while Klebsiella pneumoniae and Salmonella
typhimurium were susceptible to PEMNPs. The antibacterial activity of PESNPs and PEMNPs ranged from 2.0
—12.0 mm and 3.0 — 4.0 mm. Sa/monella typhimurium had the highest susceptibility 12.0 mm and 4.0 mm for
PESNPs and PEMNPs respectively.

Table 1: Antibacterial activity of the nanoparticles against some test pathogens isolated from wastewater

samples
Isolate code ALUM PESNPs PEMNPs STREPTOMYCIN
Klebsiella pneumoniae 7.0 4.0 3.0 11.0
Salmonella typhimurium 7.0 12.0 4.0 14.0
Pseudomonas aeruginosa 8.0 6.0 0.0 16.0
E. coli 28 9.0 3.0 0.0 12.0
E. coli 27 8.0 2.0 0.0 14.0

The antibacterial activity of the nanoparticles against Salmonella typhimurium revealed that PESNPs
exhibited the highest zone of inhibition (12mm) compared to the control.

Screening for the bio-flocculating potential of the plant extract and synthesized Silver and Iron
nanoparticles is shown in Table 2. The bio-flocculating potential ranged from 50.10 to 84.20 % for nanoparticle
samples at 12 hours and 54.10 to 87.80 % for nanoparticle samples at 24 hours. Notably, the highest bio-
flocculating activity of 87.80 % was recorded for PESNPs at 24 hours.

Table 2: Bio-flocculating potential of the biosynthesized nanoparticles

Nanoparticle samples Bioflocculating activity (%)
12hours 24hours
ALUM 50.10 54.10
PSE 62.96 78.37
PESNPs 79.20 87.80
PEMNPs 84.20 87.40

The bioflocculating activities of the biosynthesized nanoparticles revealed that both PESNPs and
PEMNPs exhibited high bioflocculating activities compared to their respective plant extracts. Interestingly,
PEMNPs demonstrated a substantial level of potential, almost comparable to that of PESNPs.

Table 3 shows the Congo red and methylene blue reduction and oxidation potential of the
biosynthesized PESNPs and PEMNPs. PESNPs exhibited 63.71 and 67.45 % reduction potential against Congo
red and Methylene Blue respectively at 24 hours. PEMNPs had 31.40 and 39.52 % bi-oxidation potential
against Congo red and Methylene Blue respectively at 24 hours. PESNPs had higher dye bio-reduction
efficiency compared to PEMNPs.
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Table 3: Dye reduction potential of the biosynthesized nanoparticle against Congo red and methylene blue

Dye Reduction (%) / Incubation Time (hrs.)
Nanoparticle samples Congo Red Methylene Blue
12 hrs. 24 hrs. 12 hrs. 24 hrs.
PESNPs 33.71 63.71 3741 67.45
PEMNPs 21.00 31.40 26.00 39.52

Untreated hospital wastewater carries high microbial loads, ranging from 36 to 91 x 10° CFU/mL, as
shown in Table 4. Alum treatment reduces microbial load significantly (01 x 10® CFU/mL) by coagulating and
removing microbes cost-effectively. PESNPs achieve complete microbial elimination (0 CFU/mL), while
PEMNPs reduce the load moderately (3—32 x 10 CFU/mL), demonstrating varying antimicrobial efficiencies.

Table 4: Microbial load of untreated and treated hospital wastewater samples using PESNPs and PEMNPs

TREATMENT SSA EMB MCA NA
CONTROL 36 91 80 78
ALUM - 1 - -
PESNPs - - - -
PEMNPs 3 21 32 9

IV.  Discussion

This initial color change served as the primary indication that the methanolic extract of pawpaw seeds
possesses the ability to bio-reduce silver nitrate (AgNO3) to generate silver nanoparticles (PESNPs) and bio-
oxidize iron oxide (Fe;O3) to yield magnetic nanoparticles (PEMNPs). This color alteration was an evident and
prominent characteristic of the nanoparticle synthesis process.

UV-Vis spectroscopy serves as a valuable technique for characterizing synthesized silver nanoparticles
(AgNPs). In the case of Papaya extracts (PESNPs), the bio-reduction of silver nitrate leads to the biosynthesis
of silver nanoparticles. Analysis of the absorption spectrum of the incubated solution across wavelengths
ranging from 200 to 800 nm revealed a prominent peak at 500 nm. It's worth noting that the choice of precursor
and the method employed for nanoparticle production play crucial roles in determining the characteristics of the
synthesized nanoparticles, including their plasmon resonance (Narayanan et al., 2021). This observation aligns
with the findings of Agustina et al. (2021), who studied the synthesis of silver nanoparticles using Diospyros
maritima Blume leaves extract and reported an absorbance peak between 400 nm and 500 nm, indicative of
AgNPs synthesis. They also noted that the absorption intensity of AgNPs increases with prolonged reaction
time. Furthermore, Alharbi et al. (2022) suggested that broad and narrow peaks at higher and shorter
wavelengths, respectively, indicate an increase or decrease in AgNP size. Adebayo-Tayo et al. (2019) reported
similar findings, where they observed a Surface Plasmon Resonance (SPR) peak at 500 nm, with a broad
spectrum ranging from 400 nm to 600 nm for biosynthesized silver nanoparticles using Oscillatoria sp.
Regarding PEMNPs, the maximum absorbance peak was observed at 400 nm, consistent with the work of
Ekwumemgbo et al. (2023), who detected a characteristic peak at 400 nm for Fe3O4 nanoparticles using UV-vis
spectroscopy. This finding also corresponds with the research of Sultana et al. (2023), who reported a maximum
absorbance peak of 400 nm for iron nanoparticles synthesized from Catharanthus roseus leaf extract.

The FTIR analyses were conducted to characterize the silver and magnetic nanoparticles (NPs) and to
investigate the potential bio-reducing functional groups present in PESNPs and PEMNPs. The spectrum of
PESNPs was captured in the range of 459.00 to 3487.00 cm™!. The obtained FTIR results align with the findings
of Aina et al. (2020), who synthesized silver nanoparticles from Carica papaya seeds. They observed that
papaya seeds are abundant in sugars and unsaturated fatty acids but low in monosaccharide’s. Similarly, Banala
et al. (2015) conducted a study on the green synthesis and characterization of Carica papaya leaf extract-coated
silver nanoparticles. They reported two sharp absorption peaks at 1640 cm™ and 3359 ¢cm™, indicating potential
interactions between proteins and silver nanoparticles. These interactions could arise from the amide bonds
present in proteins and the hydroxyl (OH) groups found in alcohols and phenolics, suggesting that these
biomolecules play a role in capping and stabilizing the synthesized nanoparticles. On the other hand, the
spectrum of PEMNPs was captured in the range of 3425.69 cm’! to 466.79 cm™'. This result is consistent with
the work of Bhuiyan et al. (2020), who reported that shifts in peak positions within the range of 400—4000 cm'!
indicate the presence of functional groups containing compounds bound to the iron oxide surface. Additionally,
the peaks observed in this study resemble those reported in other studies on the biosynthesis of magnetite
nanoparticles using Calotropis procera leaf extract by Kalu et al. (2022). The FTIR analyses provide insights
into the functional groups present in PESNPs and PEMNPs, shedding light on the mechanisms involved in their
synthesis and stabilization.
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Using XRD pattern analysis, the crystal sizes of the silver and magnetic nanoparticles synthesized
from Papaya extracts (PESNPs and PEMNPs) were investigated. The results revealed that the crystallite size of
PESNPs and PEMNPs was approximately 54 nm and 38 nm respectively. These findings indicate that the silver
nanoparticles formed through the reduction of Ag+ ions by the aqueous extract of C. papaya exhibited a
crystalline structure. The presence of peaks in the XRD pattern suggests the involvement of a capping agent that
aids in stabilizing the nanoparticles, as observed in previous studies (Balavijayalakshmi and Ramalakshmi,
2017). These results are consistent with the findings of Arokiyaraj et al. (2014), who reported similar peaks and
a silver nanoparticle size of 53 nm when synthesizing silver nanoparticles using the marine algae Padina
pavonica. Regarding the magnetic nanoparticles (PEMNPs), the XRD pattern indicated the formation of a-
Fe;O; nanoparticles. The intense and sharp peaks observed confirmed the crystalline nature of the Fe O3
nanoparticles synthesized using C. papaya extract through the reduction method. These results are in agreement
with previous studies conducted by Ahmmad et al. (2013), Suresh et al. (2016), and Bhuiyan et al. (2020), who
also reported similar XRD patterns and crystallite sizes for iron oxide nanoparticles synthesized by various
methods.

Scanning electron microscopy (SEM) analysis was conducted to examine the surface morphology and
shapes of both silver and iron oxide nanoparticles. The SEM micrograph for PESNPs revealed the presence of
spherical nanoparticles, with observable agglomeration leading to nanoparticle destabilization. This
phenomenon of agglomeration aligns with previous findings reported by Narmadha ef al. (2013). Additionally,
Xia et al. (2018) explained that such agglomeration could be attributed to strong interparticle forces. On the
other hand, the SEM micrograph for PEMNPs exhibited an agglomeration structure with a narrow distribution
of particles, indicative of the magnetic characteristics of iron particles that allow for close contact with each
other, as noted by Mohamed et a/. (2023). Similar observations of agglomeration in iron oxide nanoparticles
have been reported by Rahman ef al. (2017) and Mahmoud et al. (2021), who attributed this phenomenon to the
solution form of the sample and improper drying methods. Additionally, Wu et al. (2015) proposed that the
presence of polyphenols in extracts could significantly influence the form and size of iron oxide nanoparticles,
potentially contributing to their agglomeration.

TEM analysis provided insight into the sizes, shapes, and texture of both PESNPs and PEMNPs. The
size of PESNPs ranged from 5 to 15 pum, a finding consistent with the report of Madela (2019), who observed
that biosynthesized silver nanoparticles typically exhibited small sizes with an average of 15 nm. In contrast, the
size of PEMNPs ranged from 20 to 80 um, similar to the findings reported by Qais et al. (2019). It's noteworthy
that magnetic nanoparticles were observed to be larger in size compared to the silver nanoparticles synthesized
from the same plant extract. This observation aligns with the results reported by Chavan et al. (2020), who
synthesized both silver and magnetic nanoparticles from Blumea eriantha plant extract and noted differences in
size between the two nanoparticle types.

The EDX analysis revealed the presence of pure silver, iron, and other elements, confirming the
successful biosynthesis of silver and iron nanoparticles. In the case of PESNPs, aside from silver, oxygen was
also found to be abundant in the solution. This is likely attributed to the preparation process of silver
nanoparticles, which involved the use of a distilled aqueous solution. Additionally, the presence of elements
such as carbon (C), nitrogen (N), silicon (Si), magnesium (Mg), and calcium (Ca) suggests the utilization of a
bio-flocculant, as these elements are commonly abundant in plants. Silicon, although less abundant, might have
been introduced as an impurity. These elements likely served as capping organic agents bound to the surface of
the silver nanoparticles, as reported by previous studies (Dada et al., 2017; Femi-Adepoju et al., 2019).
Similarly, for PEMNPs, oxygen was the second most abundant element after iron. This observation aligns with
the presence of oxygen in the synthesis process, likely originating from the aqueous environment. The presence
of carbon and oxygen indicates the presence of polysaccharides and sugars in the plant extract, while the other
elements are trace metals taken up by the plants, as reported by Mohammed et al. (2020) and Malaikozhundan
et al. (2022). These findings highlight the complex interplay between the synthesis process, plant-derived
components, and environmental factors in nanoparticle biosynthesis.

TGA analysis was conducted to assess the thermal stability, decomposition temperature, and
decomposition rate of the nanoparticles (Bhuiyan et al, 2020). The analysis of PESNPs revealed that they
remain stable up to a temperature of 600°C, indicating minimal decomposition or weight loss in the silver
nanoparticles. However, there was an observed residue of 11.55% at this temperature, suggesting the retention
of mass, likely due to the presence of silver or other nanoparticle components. This finding is supported by
Chen et al. (2016), who reported that silver nanoparticles exhibit high-temperature stability up to a certain
threshold, after which sintering occurs, leading to nanoparticle coalescence and changes in morphology. In
contrast, the analysis indicated that PEMNPs are stable only up to a temperature of 300°C, indicating lower
thermal stability compared to silver nanoparticles. This lower stability suggests that magnetic nanoparticles
begin to decompose or lose weight at a lower temperature compared to silver nanoparticles. Ansari et al. (2019)
investigated the thermal stability and magnetic properties of iron oxide nanoparticles and found that while these
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nanoparticles exhibit stability up to certain temperatures, beyond a critical temperature, there may be a decrease
in magnetic properties due to structural changes or oxidation. Similarly, Wang et al. (2017) observed that some
magnetic nanoparticles maintain stability at temperatures up to 300°C without significant degradation or loss of
magnetic properties, but beyond this temperature, changes in nanoparticle morphology or magnetic behavior
may occur, affecting their suitability for biomedical applications.

The antibacterial activity from this finding aligns with the results reported by Losasso et al. (2014),
who demonstrated the effectiveness of silver nanoparticles against various serovars of Salmonella spp.
Mikhailova et al. (2020) elucidated the mechanism of action of silver nanoparticles, suggesting that they may
disrupt bacterial membranes, facilitating the entry of nanoparticles into the cell. Subsequent interactions with
intracellular proteins and microbial DNA can interfere with cell division, ultimately leading to cell death.
Furthermore, the results indicated that PESNPs exerted significantly greater antibacterial effects compared to
PEMNPs. This observation is consistent with the findings of Gabrielyan et al. (2020), who reported that silver
nanoparticles exhibit a more pronounced bactericidal effect than iron oxide nanoparticles. Similarly, Samadi et
al. (2017) noted that while both types of nanoparticles possess antibacterial activity, silver nanoparticles are
more effective than iron oxide nanoparticles.

The PESNPs and PEMNPs had high bioflocculating efficiency. Shende and Mitra (2021) proposed that
this phenomenon could be attributed to the magnetic nanoparticles possessing a more positively charged ion
(Fe*") compared to silver (Ag?"), while most impurities exhibit a negative charge. This difference in charge
facilitates the formation of flocs by magnetic nanoparticles more effectively than silver nanoparticles' bio-
flocculants

The dye reduction potential of PESNPs revealed that both at 12 hours and 24 hours, silver
nanoparticles exhibited a high dye-reducing capacity for both Congo red and methylene blue. This phenomenon
may be attributed to the presence of phytochemicals and antioxidant properties inherent in both silver
nanoparticles and pawpaw seed extract. It is noteworthy that Congo red was more effectively reduced, possibly
due to its propensity to aggregate in the presence of silver ions. This observation aligns with the findings of
Riaz et al. (2020), who utilized silver nanoparticles in the reduction of Congo red. The bond dissociation energy
(BDE) plays a crucial role in chemical reactions by facilitating the breaking and/or formation of new bonds.
During this process, electron transfer occurs, with methylene blue in the solution serving as the electron
acceptor while silver nanoparticles act as the electron donor. The more electrons accepted from the silver
nanoparticles, the greater the reduction in the amount of methylene blue. This mechanism is supported by the
studies of Vanaja et al. (2014) and Saha et al. (2017).

High microbial loads in untreated wastewater loaded with pathogens and resistant strain poses a health
risk (Barbara et al., 2019; Kaur et al., 2020). These findings stress the need for effective hospital wastewater
treatment to mitigate risks (Majumder et al., 2021). Combining traditional methods like alum with advanced
nanoparticle technology offers promising solutions to better remove pathogens and antibiotic resistance before
environmental discharge (Todedji et al., 2020; Yuan and Pian, 2023).

V.  Conclusion

Green synthesis of silver and iron nanoparticles using C. papaya extracts offers an eco-friendly
approach for biological applications. Characterization of papaya-derived silver (PESNPs) and magnetic
(PEMNPs) nanoparticles reveals their stability, synthesis mechanisms, and functionality. PESNPs show strong
antimicrobial activity against Salmonella typhimurium, while both nanoparticles demonstrate effective bio-
flocculating properties. These nanoparticles offer eco-friendly alternatives for water treatment, including
industrial wastewater purification and dye removal. The study highlights their broad potential in biomedicine,
environmental science, and nanotechnology
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